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Cerium-based conversion coatings have emerged as promising green alternatives to the harmful chromium-based ones, but the
mechanism of corrosive protection still remains a subject of academic and industrial research. This study focuses at small scale
phenomena of corrosion inhibition imparted by ceria (CeO2) to AA7075. Ceria nanoparticles were deposited from diluted and
concentrated CeO2 sols by immersion. A multi-analytical approach, combining Atomic Force microscopy (AFM), Scanning Kelvin
Probe Force Microscopy, Glow Discharge Optical Emission Spectroscopy, open circuit potential and electrochemical impedance
spectroscopy was employed. Deposition of ceria films led to deactivation of cathodic sites, i.e. decreased Volta potential difference,
resulting in increased corrosion inhibition. In situ AFM real-time monitoring revealed that during exposure to NaCl electrolyte, the
changes in size of deposited ceria aggregates occurred: nanoparticles disintegrated/desorbed and re-deposited at the coating
surface. The process was found to be dynamic in nature. Small particles size and inherent reactivity are believed to accelerate this
phenomenon. Due to the greater CeO2 reservoir, this phenomenon was more pronounced with a thicker film, imparting longer term
protection.
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Conversion coatings based on rare earth elements have emerged
as promising ecologically acceptable alternatives to chromate
protective coatings.1–6 Among them, cerium based coatings (cerium
oxides/hydroxides) have been researched either as a sole coating or
as an inhibitor in the organic or hybrid coatings.7–12 Starting from
the pioneering research on Ce inhibition ability,13–15 a large variety
of solutions were utilized in chemical and physical deposition routes
to ceria conversion coatings (CeCC): nitrate,9,16–20 chloride,3,4,21–23
spray–drain cycles, magnetron sputtering and chemical vapour
deposition were also reported.24–27 Common features appeared in
most methods: substrate de-oxidation/activation, as a necessary pre-
treatment step, followed by CeCCs formation, proceeding via
several successive steps.
All aluminium alloys have some type of intermetallic particles
(IMPs), varying upon the chemical content and processing tech-
nique, mostly heat-treatment. AA-7075 has a very heterogeneous
structure, containing many different intermetallic particles.28–31
Depending on the nature, the IMPs could be either cathodic, with
more noble potential relative to matrix, promoting the matrix
dissolution (Cu and Fe-containing ones) or anodic, that are active
and dissolve preferentially, due to the negative potential in respect to
the matrix (Mg-rich intermetallics). Some of the typical IMPs in
AA7075 are: Al7Cu2Fe, Al2CuFe, Al2CuMg, Al2Cu, Al2CuMg,
Al3Fe and Mg2Si. This alloy type also contains strengthening MgZn2
particles (η-phase), dispersed throughout the alloy matrix.
According to the mechanism of Al dissolution and pit formation,
proposed by Park et al.,32 the Al matrix corrosion in aluminium
alloys is initiated due to the galvanic coupling established between
Al matrix and some of the constituent alloy intermetallic particles
(IMPs), that facilitate oxygen reduction. So, this cathodic reaction
takes place mainly at IMPs (Eq. 1), while the anodic counterpart
reaction is matrix dissolution (Eq. 2).
O 2H O 4e 4OH 12 2 [ ]+ + - -
Al Al 3e 23 [ ] ++ -
The generated OH− ions facilitate a deposition of cerium hydroxide
(Eqs. 3 and 4) and further their dehydration leads to cerium oxide
(ceria) formation (Eqs. 5–8)14,15,33:
Ce 3OH Ce OH 33 3( ) [ ]+ + -
4Ce O 4OH 2H O 4Ce OH 43 2 2 2 2( ) [ ]+ + + + - +
Ce OH CeO H O e 53 2 3( ) [ ] + ++ -
Ce OH 2OH CeO 2H O 62 2 2 2( ) [ ]+  ++ -
Ce OH 2OH Ce OH 72 2 4( ) ( ) [ ]+ + -
Ce OH CeO 2H O 84 2 2( ) · [ ]
It is widely accepted nowadays that the ceria coating thus
produced (as hydrated cerium oxide) retards the cathodic reaction,
thereby reducing the corrosion rate of substrate.4,9,23,25,26,33
The literature reports on the deposition of the ceria coatings were
mainly based on utilizing nitrates or chlorides as the Ce source. Our
idea was to deposit the ceria coating starting from the colloidal
dispersion of ceria nanoparticles (sol) and to avoid, in such a
manner, the usual pH-driven process (Eqs. 1–8). Moreover, since the
used sol was laboratory prepared and of a low pH, there was no need
for the aluminium alloy activation as a common step in ceria
deposition, making this procedure convenient as a single step one.
A complete insight of the protection mechanisms provided by
cerium oxide nanoparticles still remains a challenge. Only a few
studies dealt with synthesis of the ceria sol34–36 and its application aszE-mail: jela@tmf.bg.ac.rs
*Electrochemical Society Member.
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inhibitor when introduced in the corrosive media. In view of the
above, the aim of this study was to use a CeO2 sol to deposit a ceria
film onto AA7075 and advance understanding on the corrosion
inhibition effect of ceria, i.e. get insight into the mechanism through
which cerium oxide particles are able to improve corrosion
resistance of the metallic substrate. The surface phenomena occur-
ring in the film were followed by various surface and electroche-
mical techniques and the role of ceria concentration and size of
nanoparticles in system reactivity was assessed. In particular, the
great potential of in situ Atomic Force Microscopy (AFM) was
exploited: AFM enabled monitoring of the topography in real-time
(i.e. evolution of ceria film vs time of exposure in aggressive media)
and the information was correlated with electrochemical data
acquired by electrochemical impedance spectroscopy (EIS).
Experimental
Sol preparation.—For the preparation of films, two ceria sols
(stable aqueous colloidal dispersions) of uniform particle size were used.
Sols (pH 3.0) differed only by solid phase content: the diluted one had
0.34 wt%, while that of the concentrated one was 0.78 wt%. The sols
were prepared by a forced hydrolysis method using cerium(IV)nitrate as
precursor, similar to the synthetic procedure described previously.37
Briefly, 0.1 M HNO3 (1200 ml) was heated to the boiling point under
reflux, followed by a drop-wise addition of an appropriate amount
(90 cm3) of 1.5 N aqueous solution of Ce(NO3)4, stabilized with HNO3,
(Alfa Aesar, CAS 13093-17-9). The system was vigorously stirred for
24 h and spontaneously cooled down to the room temperature. The
obtained sol was dialyzed against deionized water to eliminate the
residual nitrates. The solid content was adjusted by ultrafiltration
(Amicon cell, PM series (NMWL = 10000) type membranes, i.e.
from originally obtained concentration 0.34% to 0.78%.
The forced hydrolysis method38,39 is based on promoting the
deprotonation of hydrated cations by heating the solution at elevated
temperatures (90 °C–100 °C). For a metal M with a valence z, the
reaction can be written as38:
n mM H O M H O OH H 9p z n np m m nz m2 2[ ( ) ] ( ) ( ) ] [ ]( ) ++ - - + +
The soluble hydroxylated complexes produced by the hydrolysis
reaction form the precursors for the condensation process which
leads to the nucleation of particles. They can be generated at the
proper rate to achieve nucleation and growth of uniform particles by
adjustment of the temperature and pH. Cerium(IV)ion undergoes
strong hydration due to its high charge and rapidly hydrolyzes,40
thus by the addition of nitric acid, the hydrolysis reaction can be
controlled (Eq. 9), enabling the formation of monodispersed ceria
particles.
The particle size of the prepared sols was measured by dynamic
light scattering method (DLS), Instrument ZetaSizer NS (Malvern,
UK). X-ray diffraction (XRD) measurements were performed by a
Rigaku SmartLab diffractometer. The data were recorded at 30 mA
and 40 kV generator settings, using Cu Kα radiation (λ =
0.154178 nm), in the 2θ range 10°–90°, counting 5° min−1 in
0.02° steps. The average crystallite size was estimated using the
Debye–Scherrer equation. The specific surface area and pore size
distribution of the samples were estimated from nitrogen adsorption-
–desorption isotherms obtained using a Micrometrics ASAP 2020.
The samples were firstly degassed at 150 °C for 10 h under reduced
pressure. The specific surface area of samples (Sp) was calculated
according to the Brunauer, Emmett and Teller (BET) method from
the linear part of the nitrogen adsorption isotherm.40 The total pore
volume (Vtot) was estimated at p/p0 = 0.998. The mesopore volume
and pore size distribution were determined from the desorption
isotherm according to the Barrett, Joyner and Halenda (BJH)
method.41 The volume of micropores was calculated based on α-
plot analysis.
Micro-Raman scattering measurements were performed at room
temperature using a Jobin-Yvon T64000 triple spectrometer system
equipped with a liquid-nitrogen cooled CCD detector. The λ =
514.5 nm line of an Ar+/Kr+ mixed laser was used as an excitation
source. The incident laser power on the samples was kept low in
order to prevent heating effects.
Deposition of CeO2 film.—The aluminium AA7075-T6, was
used as substrate (alloy composition, wt%: 5.51 Zn; 2.29 Mg; 1.45
Cu; 0,13 Mn;0.19 Cr; 0.14 Fe). The substrate panels were pre-treated
by polishing with SiC paper (1000, 2000 and 4000 grit) and
subsequently polished using 1 μm diamond suspensions. After
polishing, the substrates were degreased for 10 min in ethanol
ultrasonic bath and rinsed with high purity water. Samples surfaces
were then marked to ensure the investigation of the same areas by
means of different techniques.
In order to study the inhibition effect provided by ceria, so-
prepared aluminum panels were immersed for 24 h in ceria sols of
different particle concentrations (diluted or concentrated sol), to
obtain the coatings of different thickness. Fresh 50 ml ceria sol was
used for deposition of film of ceria nanoparticles, with the panel
placed at the bottom of the beaker.
The change of the open circuit potential, Eoc, of the aluminum alloy
during immersion in diluted and concentrated sols, as well as in water
pH 3.0, was followed using digital multimeter ISO-TECH, IDM 73.
Surface characterisation of AA7075 and CeO2 film.—
Topographic and Volta potential maps were obtained using AFM
(Veeco Multimode Nanoscope IIIa and NT-MDT Ntegra SPM) and
Scanning Kelvin Probe Microscopy (SKP-FM) in order to get
information on the anodic and/or cathodic nature of different
particles and phases present on the surface. These pictures were
simultaneously acquired on marked areas, using a tapping mode
(AFM) and an interleave mode (SKP-FM).
Complementary investigations were also performed on the same
marked areas, using Karl Zeiss EVO-40 Scaning Electron
Microscope (SEM) and Energy Dispersive X-ray Spectroscopy
(EDXS), to determine semi-quantitatively the composition of the
different phases present on the examined surfaces.
The depth composition profiles were recorded by glow discharge
optical emission spectroscopy (GDOES), using a Horiba Jobin Yvon
GD HR-profiler, to estimate the amount of Ce present on the sample
surfaces. The GDOES instrument was equipped with a standard
4 mm diameter anode, a 0.5 m Pashen Runge polychromator with 28
acquiring channels (purged with N for 24 h before the starting of the
tests), RF generator (13.6 MHz) and Quantum XP software. An Ar
pressure of 650 Pa and an applied power of 25 W were employed as
source conditions for analysis. GDOES analysis was carried out
shortly after deposition, meanwhile, coated samples were stored in a
desiccator with silica gel.
Figure 1. Particle size distribution of ceria sols.
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Corrosion stability was assessed by EIS at Eoc in 0.05 mol dm
–3
NaCl solution, using a Gamry Reference 600 potentiostat/galvano-
stat/ZRA. The three electrode set up was applied, with bare or coated
AA7075 as working electrode (surface 1 cm2), Pt mesh, of
considerably greater surface area, as counter electrode and saturated
calomel electrode (SCE) as reference electrode, with 10 mV
amplitude, and in frequency range 10 mHz–105 Hz. The measure-
ments were performed in an aerated open cell, volume 250 ml, pH
6.5, temperature 23 °C ± 1 °C.
Results and Discussion
The synthesized ceria sols were stable and of the following
characteristics: final pH 3.0, highly positively charged particles
(Zeta, ζ-potential = 51.2 ± 0.5 mV), sols were monodispersed and
composed of evenly sized spherical particles (polydispersity index,
Pdl = 0.078). Particle size distribution of diluted and concentrated
sols given by intensity is shown in Fig. 1. As seen, the hydrodynamic
particles size (diameter) of both sols was in the range 30–110 nm,
with a Zav (average size) of about 60 nm, confirming that an
increase in the solid phase content did not affect the sol stability.
The synthesized ceria was of the fluorite-type crystal structure, as
confirmed by XRD (Supplementary material, Fig. S1 is available
online at stacks.iop.org/JES/167/101503/mmedia). The broadening
of the diffraction peaks (indexed according to the JCPDS 034-394
card) indicated the formation of nano-sized ceria. A very small
crystallites size of 3 nm was estimated.
The Raman data corroborated the XRD data, Fig. S2b. The broad
asymmetric band that dominates the spectrum is positioned at
456 cm−1. It corresponds to the F2g Raman active mode of the
fluorite structure, belonging to the Fm3m space group.42 A strong
asymmetry of the peak as well as its large width indicates a small
crystallite size.43 Besides the main band, the small mode at
605 cm−1 is ascribed to the intrinsic oxygen vacancy mode (VO),
which originates from the formation of Ce3+–VO complexes in the
ceria lattice and is usually very prominent in nanocrystals. This
confirms the presence of Ce3+ ions in the CeO2 crystallites, since
oxygen vacancies compensate the effective negative charge asso-
ciated with the trivalent ions.44
As determined by adsorption/desorption isotherm of N2,
(Fig. S3a), the ceria nanoparticles exhibit a high specific surface
area, Sp = 81 m
2 g−1. The isotherm is reversible at lower
equilibrium pressures, with hysteresis loop H2 at higher equilibrium
pressures (p/p0 > 0.4) and plateau at high equilibrium pressures
(p/p0 > 0.9). Therefore, this isotherm is of type IV, according to the
IUPAC nomenclature.45 The ceria sol is thus dominantly meso-
porous material with unimodal narrow pore size distribution
(4–8 nm) and a peak at 5.12 nm (Fig. S3b, Table SI).
The CeO2 deposition on the aluminium alloy was studied by
following the change of the Eoc during immersion in diluted and
concentrated sols, as shown in Fig. 2. Three stages could be
observed during CeO2 deposition on AA7075. The initial sharp
Eoc increase to ∼–0.27 V, during the first ∼15 s, is related to
dissolution of less noble elements relative to matrix, probably Zn
from Zn-rich intermetallic particles. It is followed by a distinct Eoc
decrease to –0.40 or –0.57 V in concentrated and diluted sols,
respectively, due to thinning and removal of the natural oxide layer,
respectively. Namely, at pH values below 4.0, aluminium oxide is
not stable and it dissolves.46 This surface activation is a well known,
necessary first step in the deposition of conversion film on
aluminum.47–49
The increase in Eoc, reaching a potential plateau during extended
AA7075 immersion in sols, is the final step in ceria film deposition,
resembling nucleation and growth of the ceria film obtained via a
pH-driven process.47–49 The constant Eoc value of ∼–0.54 V was
reached after over 1 h in diluted sol. Due to the greater amount of
cerium hydrated oxide in concentrated sol, the deposition occurs
more rapidly, resulting in faster (20 min immersion) increase in Eoc
in this media (plateau at ∼–0.37 V).
After 24 h immersion of AA7075 in the ceria sols, the obtained
films were inspected by GDOES. The composition profiles of the
ceria films deposited from diluted and concentrated sols are shown in
Fig. 3.
First of all, it has to be stressed that as the surface roughness has
the same dimensional range of the thickness of both films, the
evaluation of this parameter is approximate. Anyway, to try to obtain
Figure 2. Eoc change of AA7075 during immersion in diluted and
concentrated CeO2 sols (pH 3.0).
Figure 3. GDOES compositions profiles of AA7075 coated with CeO2 from: (a) diluted and (b) concentrated sol, dipping time 24 h.
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meaningful data these thicknesses were estimated at the intersection
of the profiles of the Ce and Zn signals, one element representing
only the film and the other one being present only in the substrate.
By looking to this intersection it is quite evident that the film
deposited from the concentrated sol is thicker (about 160 nm) with
respect to the one obtained in the diluted bath (about 70 nm). Also
the Ce concentration appears to be higher (about 20%–25%wt) when
the film is obtained in the concentrated solution while the diluted
ceria sol gives rise to about 15%wt of Ce.
It is likely that the concentration of Ce in the sol is directly correlated
to the deposit thickness as well as to the Ce content in the deposit.
Both oxygen profiles correlate well with the Ce trends, sug-
gesting the formation of a cerium oxide film. Nevertheless, curiously
the oxygen concentration in the profile relevant to the film obtained
in the diluted solution is higher with respect to the other one. As also
the aluminum signal is higher in this sample, it is possible to suppose
that the thinner layers can be more affected by surface contamina-
tion, then suggesting a better coverage and a denser film formation
when using the concentrated solution.
Moreover, the Zn profile shows occasionally a slight peak at the
deposit/substrate interface. This enrichment could be linked to the
presence of intermetallic particles near to the surface due to rolling
operations.50
The morphological changes in different samples were followed
by AFM. The topographic (Fig. 4a) and SEM image (Fig. 4d) of Al
surface show a typical morphology of the polished and degreased
sample. The measured root mean square, RMS, was 29 nm. The
Volta potential difference between intermetallics and alloy matrix
was determined by SKPFM,51–56 on the same area as topographic
images in Fig. 4a. Regions with different Volta potentials could be
seen from the Volta potential map in Fig. 4b.
The intermetallics can be clearly recognized by an intense
contrast in Fig. 4. The Volta potential along the scan line indicated
in Fig. 4b is shown in Fig. 4c. The bright spots observed have a
Volta Potential about 190 mV higher than Al matrix (Fig. 4c). The
existence of a positive Volta potential relative to the aluminum
matrix is an indication of the cathodic behavior of the Al-
intermetallics. A similar behavior of IMPs was reported in literature,
and the cathodic ones claimed as preferential sites for the onset of
localized attack due to the galvanic coupling with aluminum
matrix.57,58 Namely, the Volta potential difference between inter-
metallics and matrix provides the electrochemical driving force for
the onset of Al dissolution.59,60
SEM micrographs of the polished AA7075 surface at different
magnifications are reported in Figs. 4d and 4e. According to the
EDX analysis, sites 1 and 2 of Fig. 4d correspond to large Fe rich
intermetallics (13.34 and 11.10 wt%% Fe, respectively), containing
also smaller amounts of Cu and Zn (2.86 wt% Cu, 3.61 wt% Zn and
3.49 wt% Cu, 4.77 wt% Zn, respectively). The site 3 corresponds to
an intermetallic containing 4.10 wt% Mg, 1.94 wt% Cu, 7.27 wt%
Zn. The white small particles marked as 4 and 5 in Fig. 4e
correspond to the Zn-rich IMPs (11.96 and 12.16 wt% Zn and
4.02 and 3.86 wt% Mg respectively).
Morphological and potential changes after 24 h immersion in
diluted CeO2 sol are shown at the same area as for bare AA7075,
Fig. 5. The polishing features are no longer visible, denoting the film
formation on the surface. In addition, the presence of numerous
bright spots could be noticed, related to cerium oxide particles
(Figs. 5a, 5b 5d). The SEM and EDXS analyses confirmed the
presence of low amounts of Ce (up to 0.75 wt%); Fe-rich IMP on the
Al matrix is marked by 1 in Fig. 5d and two other intermetallics,
marked as 2 and 3, contain Mg and Zn (5.52 and 7.98 wt% Zn and
1.27 and 2.44 wt% Mg respectively). Considering the small
thickness of the ceria film these results could not be taken as
reliable for the Ce quantification.
The topography indicated an increased roughness (56 nm vs
29 nm for Al), due to the ceria film deposited on the surface
(Fig. 5a). The film is composed of ceria nanoparticles, organized in
the form of bigger or smaller aggregates, appearing as sharp islands,
which almost continuously cover the surface. Unlike CeCCs
obtained from Ce–salts,61,62 exhibiting cracked/dry mud mor-
phology, this ceria film did not clearly show cracks (Fig. 5b).
As observed (Fig. 5c), the Volta potential difference was reduced
and almost no potential differences could be seen in the analyzed
area. The section analysis, carried out along the line as in Fig. 5a
with pronounced differences in topography, indicated small Volta
potential differences of ∼7 mV. The lowering of potential differ-
ences on bare AA7075 results from the CeO2 film uniformly
deposited over the alloy surface.
The morphology of ceria film obtained from concentrated sol,
along with Volta potential map, is presented in Fig. 6. It is also
composed of differently sized aggregates, randomly distributed on
the surface. It is obvious that this covering film is more compact and
much rougher, RMS 114 nm, in comparison with thinner film,
derived from diluted sol. A great number of aggregates seem to be
sticking out, due to the pronounced height and sharp tips. Regardless
of differences in roughness along the surface, the Volta potential
(Fig. 6c) remained below 5 mV, similar to the value measured for
thin film obtained from diluted sol.
Since the Volta potential difference was strongly reduced (from
around 200 mV) after immersion in the CeO2 sols, it can be
considered that the deposition of Ce-species took place both on
intermetallics and on aluminum matrix. In other words, the deposi-
tion of ceria led to the de-activation of the cathodic sites, reducing
the Volta potential difference between IMPs and Al matrix.
In order to determine the effect of deposited CeO2 films on the
corrosion stability of aluminium alloy, EIS measurements were
recorded for bare and ceria-coated AA7075 in 0.05 mol dm–3 NaCl
solution at different immersion times (Figs. 7 and 8). The Bode plots
in Fig. 7 display the evolution of impedance for bare aluminium
surface, as well as for ceria film obtained from diluted sol during
immersion in NaCl solution. After the first hour of immersion
(Fig. 7a), the total impedance of AA7075 at the lowest ∣Z∣ was
∼3000 Ω cm2 and it did not change much during the following few
hours. This initial time of exposure was characterized with one-time
constant in the middle frequency range (Fig. 7b). After about 6–7 h
another time constant developed in the phase angle spectrum in the
frequency range 10–100 mHz. This was accompanied by the
increase of the total impedance modulus at the lowest ∣Z∣ and after
24 h immersion it was (∼5000 Ω cm2).
There are some interesting features in EIS spectra recorded for thin
CeO2 film (derived from diluted sol) on the Al alloy, Fig. 7. Namely,
the CeO2 film increased the impedance at low frequency to ∼1.6∙10
4
Ω cm2 after the first hour of immersion and after 2 h, the impedance
value further increased (Fig. 7a). However, given the very small
thickness of CeO2 film (70 nm), this thin film could provide only a
short-term protection, displayed by the impedance drop upon further
exposure. Finally, after 24 h the ceria impedance reached the value of
bare AA7075. Two well pronounced time constants were present and
there was a slight shift of the phase angle towards higher values in the
middle frequency range after 2 h immersion, decreasing towards the
aluminium values during longer immersion.
Corrosion behaviour of the thicker ceria film, deposited from
concentrated sol, was also followed during exposure to NaCl. The
improved corrosion stability imparted by this film is clearly visible
in Fig. 8.
The initial total impedance modulus at the lowest frequency was
∼8000 Ω cm2 and it gradually increased during immersion time, to
reach ∼2.2∙104 Ω cm2 after 7 h (Fig. 8a). Two well established time
constants could also be seen in Fig. 8b. The broadening of the phase
angle peak at middle frequencies with immersion time could be
observed, accompanied with the shift of phase angle peak to higher
degrees. After nine hours of exposure to NaCl solution the total
impedance values started decreasing and after 24 h (Fig. 8a) reached
the values of AA7075 (Fig. 7a). The beneficial effect of this ceria
film on Al protection was more pronounced as compared to the one
derived from diluted sol, which provided only a short term
protection.
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The differences among the samples could be better seen in
Fig. 9, after 7 h of exposure to NaCl solution. Namely, the CeO2
film obtained by deposition from concentrated sol increased the
low-frequency impedance 5 times (∼2.2∙104 Ω cm2) compared to
that registered for the ceria film deposited from diluted sol
(∼6.0∙103 Ω cm2) and bare AA7075 (∼4.2∙103 Ω cm2). The time
constant in the middle frequency range is related to responses of
both ceria film and aluminium oxide and there was a pronounced
phase angle shift for the thicker ceria film, although not exhibiting
capacitive behavior. All these suggest the active protection
provided by ceria film deposited from concentrated sol, or possibly
the development of corrosion products on the surface.
As it was intruiguing to distinguish between the two and detect
the changes taking place on the surface during exposure to a
corrosive solution at open circuit potential, an in situ AFM
monitoring of bare and ceria coated AA7075 was applied for
varying times and results are presented in Figs. 10–12.
The AA7075 sample upon exposure to NaCl solution is shown in
Fig. 10. After 1 h of immersion, the bright spots were easily visible
and their number increased significantly after 3 h, probably marking
the spots of the corrosion onset.
In situ AFM characterization of the ceria film deposited from
diluted sol, during exposure to NaCl solution was followed for three
hours, at open circuit potential. The 2D and 3D images, taken after
Figure 4. (a) AFM topographic map, (b) SKPFM Volta Potential map and (c) section analysis, (d) and (e) SEM image of polished and degreased AA7075
substrate at different magnifications.
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30 min immersion (Fig. 11), reveal smaller and bigger aggregates of
ceria particles distributed as islands on the substrate. Interestingly,
the shape of aggregates changed from sharp to round under effect of
NaCl.
Several ceria islands were monitored during this time, and the
change in their number and size is shown in Fig. 12. A surface area
displaying two large deposits, surrounded by smaller ones was
selected. Considering the size of ceria particles in diluted sol
(hydrodynamic diameter ∼60 nm) the bright spots in Fig. 12a
actually represent CeO2 aggregates. Their dimensions were noticed
to fluctuate with time of exposure to the aggressive media. After
20 min, the aggregates became smaller in size (Fig. 12b), followed
by their further increase (Fig. 12c) and decrease (Figs. 12d and 12e).
The size of a small island placed between two big ones, also
changed, i.e. decreased, and after 3 h immersion it was hardly
recognizable by AFM.
The evolution in size of these CeO2 aggregates was measured in
parallel by section analysis. It was confirmed that the originally
determined sizes of 1.07 and 0.705 μm (indicated by cursors in
Fig. 12a) reduced to 0.877 and 0.614 μm after 20 min (Fig. 12b),
further increased to 1.14 and 0.909 μm after 100 min (Fig. 12c) and
changed to 1.05 and 0.939 μm after 2 h (Fig. 12d). After 3 h, there
was a marked drop in aggregate sizes, to 0.850 and 0.695 μm
(Fig. 12e).
Besides the change in width, the height of aggregates was also
oscillating. Namely, after the first few minutes in NaCl solution, the
surface distance (length of line between cursors in section analysis)
dropped from initial 1.09 and 0.779 μm to 0.906 and 0.721 μm after
20 min, further increased to 1.23 and 0.942 μm after 100 min and
after 2 h to 1.11 and 1.00 μm. Finally, they were of 0.890 and
0.711 μm after 3 h. In other words, a re-arrangement in the ceria film
occurred: particles desorbed/detached and re-deposited/re-adsorbed
during exposure to NaCl, but the effect became less pronounced
after 3 h. In parallel, the height/thickness of film, composed of
smaller aggregates, between the followed big ones, continually
decreased. Although the local re-deposition/re-adsorption around
already existing bigger aggregates seems to be a dominant process,
small CeO2 aggregates/particles disappeared over immersion time,
(Fig. 12). As seen in Fig. 12e, the surface between the followed 2 big
aggregates became impoverished with ceria particles, giving a mixed
EIS response and resulting in reduced protection (Fig. 7).
This was a quite unusual finding, since ceria is known for small
solubility constant.63 However, according to the Ostwald-Freundlich
equation,64 ceria particles of the nanometric size easily dissolve. The
dissolution rate of CeO2 was also reported to increase with
increasing surface area.65 The greater the portion of intrinsic defects
and oxygen vacancies the higher the dissolution rate. Grain
boundaries thus preferentially dissolve due to increased number of
energetically reactive sites compared to the surfaces. Greater
solubility of Ce3+ vs Ce4+ accelerates the dissolution kinetics.63,65
It is known that the fraction of Ce3+ is very prominent in
nanocrystals and that the ions are situated at the grain boundaries.
This, in turn, facilitates preferential dissolution along the boundaries,
resulting in diminution of particle size.66
Figure 5. (a) 2D and (b) 3D AFM topographic map, (c) SKPFM Volta Potential map of CeO2 film deposited from diluted sol on Al alloy substrate and (d) SEM
image of ceria film obtained from diluted sol on AA7075.
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Figure 6. (a) 2D (100 μm × 100 μm) and (b) 3D AFM topographic map (100 μm × 100 μm × 1 μm) and (c) SKPFM Volta Potential map of CeO2 film
deposited from concentrated sol on AA7075 substrate.
Figure 7. Bode: (a) modulus and (b) phase angle plots for AA7075 and CeO2 film deposited from diluted sol on AA7075 substrate during immersion in
0.05 mol dm–3 NaCl.
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Figure 8. Bode: (a) modulus and (b) phase angle plots for CeO2 film deposited from concentrated sol on AA7075 substrate during immersion in 0.05 mol dm
–3
NaCl.
Figure 9. Bode: (a) modulus and (b) phase angle plots for CeO2 film deposited from diluted and concentrated sols and AA7075 after 7 h immersion in
0.05 mol dm–3 NaCl.
Figure 10. In situ AFM monitoring of bare AA7075 after: (a) 1 and (b) 3 h in 0.05 mol dm–3 NaCl.
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Figure 11. In situ AFM monitoring (a) 2D and (b) 3D of CeO2 deposit obtained from diluted sol after 30 min in 0.05 mol dm
–3 NaCl.
Figure 12. In situ AFM monitoring (5 × 5 × 1 μm) of CeO2 films obtained from diluted sol and corresponding section analysis after: (a) few minutes,
(b) 20 min, (c) 100 min, (d) 2 h and (e) 3 h, in 0.05 mol dm–3 NaCl.
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Since the employed ceria sol was nano-sized, possessing con-
siderable Sp value, mesoporosity and fraction of Ce3+ ions, from a
macroscopic approach, it can be hypothesized that an analogous
process occurred in the ceria film during immersion in aggressive
NaCl solution, being composed of aggregated nanoparticles depos-
ited on AA7075. Namely, rather fast disintegration of ceria
aggregates (i.e. desorption/detachment/dissolution of particles)
took place, producing individual sized smaller particles, which
were capable of further re-deposition/re-arrangement in the film.
The evolution in surface morphology of thicker ceria film during
exposure to NaCl solution was also followed by in situ AFM,
Fig. 13. The similar feature of the change in shape of aggregates
upon immersion in NaCl solution was observed. The aggregates of
extreme heights were no longer visible. Instead, rounded aggregates
of similar size covered the Al surface. We assume that the leveling
of this ceria film occurred due to the presence of small aggregates-
constituents of the ceria film deposited on the surface. Thus, the
process of detachment/re-deposition of particles was facilitated and
more rapid, resulting in more homogeneous ceria film. We believe
that sharp tips present in thicker film disintegrated upon exposure to
NaCl solution. The released particles further rearranged, forming a
more compact structure with reduced roughness. Indeed, a cross
sectional analysis indicate that the aggregate size of 361 nm,
determined after 2 h exposure was enlarged to 407 nm after 3 h of
exposure.
It is likely that the enlargement/reduction of size of the ceria
aggregates during exposure to NaCl solution, shown by in situ
monitoring (Figs. 12 and 13), originate from the dynamic process of
ceria particles dissolution/detachment/re-deposition. The effect is
more pronounced in the film deposited from the concentrated sol,
owing to the greater amount of Ce available in the thicker film. In
addition, a rather uniform and compact film structure that developed
upon immersion in NaCl solution was also beneficial for maintaining
higher impedance values during longer time.
The scheme of the whole process is presented in Fig. 14, starting
from the bare AA7075, with considerable Volta potential differences
originating from the presence of IMPs (Fig. 14a). This potential
difference was reduced upon ceria film deposition (Fig. 14b). The
dynamic process of desorption and redeposition of particles occuring
Figure 13. In situ AFM monitoring of CeO2 films obtained from concentrated sol: 2D (a) and (d), 3 D (b) and (e) and corresponding section analysis (c) and (f)
after: 2 h (a)–(c) and 3 h (d)–(f) in 0.05 mol dm–3 NaCl.
Figure 14. Schematic presentation: (a) bare AA7075, (b) CeO2 film on
AA7075 and (c) evolution in ceria film morphology upon immersion in NaCl
solution.
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in the ceria film during immersion in NaCl solution is schematically
presented in Fig. 14c. The sharp tips of aggregates of different sizes
in ceria film disintegrated, the released particles further re-deposited/
re-arranged in the film, forming a more compact structure of reduced
roughness.
Conclusions
Ceria films were successfully deposited by 24 h immersion in
diluted and concentrated aqueous ceria sols (pH 3.0) on the surface
of AA7075. Thinner (70 nm) and thicker (160 nm) films were
obtained respectively, as detected by GDOES. OCP real-time
monitoring suggested that the deposition of ceria is a 3-step process:
dissolution of the native oxide film, followed by ceria film
formation. SKPFM indicated that the Volta potential differences
between intermetallic alloying particles and surrounding aluminium
matrix of around 190 mV were reduced significantly (to 5–7 mV)
upon ceria film deposition onto the metallic surface.
EIS response collected in 0.05 mol dm−3 NaCl confirmed that
even a thin ceria film on the AA7075 surface increased by five times
the initial low frequency impedance, although providing only a short
term protection (up to 3 h). A thicker film imparted longer protection
(immersion time 2–7 h) and it remained significant even after 24 h.
A correlation between evolution of ceria film topography and
impedance response was presented. As deposited films exhibited
simmilar morphological features: both were composed of differently
sized ceria aggregates forming a rough surface, due to the presence
of numerous sharp aggregates. In situ AFM provided monitoring of
change in size (width and height) of the ceria aggregates, constitu-
ents of the ceria film, during exposure to the aggressive media.
Results indicated that the change in corrosion behaviour resulted
from the morphological change/phenomenon occuring on the
AA7075 surface. The most pronounced change upon exposure to
NaCl was a dissapearance of the sharp tips and formation of round
surfaces of the aggregates instead. We believe that the ceria film
started to disintegrate during exposure to NaCl, but also to re-
assemble and recover. Small ceria particles seemed to dissolve/
detach rather fast, while, in parallel, larger particles grew at their
expense. The rearangement led to more compact protective film with
reduced roughness-leveling of the film. This dynamic process,
resulting from the ceria nanometric particle size and reactivity,
was the origin of the variable EIS response.
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